Introduction
Studies over the past three decades show that coral cover has decreased by an average of 80% at Caribbean reefs (Gardner et al. 2003 ) and 50% at Indo-Pacific reefs (Bruno and Selig 2007) . The decrease in coral reefs has been attributed to rising sea temperature, water pollution, sedimentation, over-fishing, feeding damage and disease (Dustan 1999; Porter et al. 2001; Harvell et al. 2007; Wilkinson 2008; Maynard et al. 2015) . Since over 40 different coral diseases have been described since the first documented case of a coral disease in 1965 (Bruckner 2015) , coral diseases have emerged as a significant cause of coral reef decline ). In fact, the number of published surveys investigating the occurrence of coral diseases has shown a two-fold increase during the current decade (Work and Meteyer 2014) .
The occurrence and impact of coral disease is evaluated by measured factors such as prevalence, mortality rate, and survival (Thrusfield 2015) . These data are utilized to elucidate not only ecological factors contributing to the reduction of coral reefs on both global and regional scales (Osborne et al. 2011; Ruiz-Moreno et al. 2012 ), but also , Nobuhiro MANO 1 *, Yukio YANAGISAWA 1 , and Tsukasa MORI characteristics of the spread of infection in the population on regional and local scales (Miller et al. 2003; Sato et al. 2009; Pollock et al. 2014; Lamb et al. 2014) . Some researchers have also focused on the pattern of spatial distribution of diseased colonies for analysis of infectious transmission on a local scale (Jolles et al. 2002; Foley et al. 2005; Zvuloni et al. 2009; Lentz et al. 2011; Zvuloni et al. 2015) .
Surveys of coral diseases in Japan have been conducted by the "Monitoring Sites 1000" program of the Japanese 
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Occurrence survey
Occurrence surveys were performed at Akajima were identified according to criteria listed for the IndoPacific region (Raymundo et al. 2008) . Diseased coral colonies were identified to the genus level by underwater observation, measured for both size and depth, and categorized according to disease signs of lesions. All diseased colonies found in this survey were also georeferenced using a global positioning system device (Garmin 60csx, GARMIN TM ).
Spatial patterns of dominant disease
We assessed the spatial distribution of colonies showing signs of BBD as the dominant coral disease by computing Ripley's K (r) (Ripley 1977 ) function on geo-references for Majanohama in 2010 and 2011. Ripley's K (r) function is a second-order point pattern analysis based on the variance between points (colony to colony) in twodimensional space that can identify particular patterns (random, clustered or uniform) at varying spatial scales (Ripley 1977) . All calculations and simulations were computed using R software (Ihaka and Gentleman 1996) and the spatstat package (Baddeley et al. 2015) . Potential edge-effect biases were corrected using the Ripley-Rasson edge correction technique (Ripley and Rasson 1977) . We calculated the sample statistic-based Ripley's K function
, where E (r) is the expected number of points within a distance r from any arbitrary points. The parameter λ represents the mean intensity and is estimated and Goniopora sp., Skeleton Eroding Band (SEB) on Montipora spp. and Pocillopora sp., Growth Anomalies (GA) on Montipora spp. and Acropora spp., and White Syndrome (WS) on Acropora sp. (Fig. 2) . Three diseases (BBD, SEB and GA) were documented from both sites in 2010 (Fig. 3A) . In 2011, three diseases (BBD, SEB and GA) were found in diseased colonies at Nishihama and four diseases (BBD, SEB, GA and WS) were found at Majanohama (Fig. 3B) . At both sites and in both years, the dominant disease was BBD (82.71% of total diseased colonies), and encrusting Montipora spp. were mostly affected by this disease (97.74% of total BBD-diseased colonies). To determine BBD prevalence on encrusting Montipora spp., which was the dominant disease in 2010, each site was surveyed using three 50×2 m belt-transects in 2011. Results revealed a prevalence ranging from 0 to 0.45% of colonies (total n＝146) at Nishihama and 0 to 3.61% of colonies (total n＝223) at Majanohama.
Spatial patterns of the dominant disease
We investigated the spatial distribution of BBDdiseased colonies at Majanohama in 2010 and 2011 since this site was more suitable for spatial analysis because it showed a higher frequency of diseased colonies than the Nishihama site (Fig. 3B) . The diseased colonies surveyed in 2010 were analyzed and all plots of L (r) versus r showed highly significant clustering of diseased colonies (Fig. 4A ). In contrast, there was significant small-scale clustering of diseased colonies in 2011, although plots assessing large-scale clustering were within the confidence envelope (Fig. 4B) .
Analysis of BBD bands
BBD bands on encrusted Montipora spp. colonies (n＝11) observed during 2010 were classified into four band patterns, namely, completely black (Fig. 5A ), subfusc grey (Fig. 5B ), mottled black ( Fig. 5C ) and absence of a band (Fig. 5D ). Figure 6 shows the typical progression of a BBD lesion front and the change in composition of the four band patterns on a colony for 79 days (from May 10 to July 28) in 2010. The progression of the band front on a BBD-diseased colony concentrically invaded healthy tissue and the colony was almost dead on July 28 (Fig. 6A) . Various band patterns were simultaneously observed on another colony and their composition changed through out the observation period (Fig. 6B) .
The mean progression rates on diseased BBD colonies in 2010 (n＝15) and 2011 (n＝13) were 2.91±0.31 mm/ day (1.10-5.45 mm/day) and 2.85±0.18 mm/day (1.15-3.80 mm/day), respectively ( Fig. 7) . The maximum progression rates were 4.97-and 3.31-fold greater than the minimum rate in 2010 and 2011, respectively, and each BBD-diseased individual exhibited a different progression rate (post-hoc Scheffe's F test, p＜0.05). In the present study, we identified four coral diseases (BBD, GA, SEB and WS) and bleaching at both survey sites, and found that three diseases except for WS were detected at Akajima, Kerama islands for both years. Three of these diseases have been already reported in Japan: BBD has been documented to affect 45 coral species globally (Sutherland et al. 2004 ) following its first report (Antonius 1973 ). In the Indo-Pacific region, BBD was recently observed mainly on Montipora spp. in the Great
Barrier Reef (Sato et al. 2009; Sato et al. 2010; Glas et al. 2010 ), Indonesia (Johan et al. 2016) , Hawaii (Aeby et al. 2015) , Palau (Sussman et al. 2006) and Guam (Myers and Raymundo 2009 ). In the present survey, the prevalence (0-3.61%) of BBD on encrusting Montipora spp. as a dominant disease was lower than that for Hawaii (6.0-7.6%) as documented by a study focusing on Montipora spp. and using similar approaches (Aeby et al. 2015) .
Continuous monitoring at Akajima is needed in the future to monitor the incidence of BBD because this disease has been characterized as one of the most virulent diseases to affect corals (Richardson 2004 ) since its first observation in the 1970s (Antonius 1973) .
Information on the dispersal patterns of coral diseases is limited, although some researchers have analyzed the transmission pattern of diseased colonies using spatial analyses (Jolles et al. 2002; Foley et al. 2005; Zvuloni et al. 2009; Lentz et al. 2011; Zvuloni et al. 2015) . Coral diseases such as sea fan aspergillosis and yellow band disease have exhibited clustering at a small spatial scale . Letters denote non-significant differences within each BBD-diseased individual using a post-hoc Scheffe's F test (p＜0.05) for each year (Jolles et al. 2002; Foley et al. 2005 ). In the case of BBD, Zvuloni et al. (2009) We also focused on the progression of BBD bands because invasion of healthy coral tissue is important for the characterization of coral disease (Raymundo et al. 2008 ). Our results showed that the BBD bands exhibited four morphologically patterns. Interestingly, the composition of these patterns changed throughout the observation periods. The BBD band comprises a microbial consortium, represented mainly by cyanobacteria (Richardson 2004) . It is known that cyanobacteria appear at the surface of a lesion depending on day and night by vertical migration (Richardson 1996) . High light has been demonstrated to induce an immediate behavioural response in the microbial consortium (Carlton and Richardson 1995; Viehman and Richardson 2002) . The changes of band patterns in our observations might be caused by the migration of cyanobacteria in the band.
In the present study, we observed that BBD bands progressed concentrically toward healthy tissue regions. However, we found that the rate of BBD progression 
